Vault poly(ADP-ribose) polymerase (VPARP) was originally identified as a minor protein component of the vault ribonucleoprotein particle, which may be involved in molecular assembly or subcellular transport. In addition to the association of VPARP with the cytoplasmic vault particle, subpopulations of VPARP localize to the nucleus and the mitotic spindle, indicating that VPARP may have other cellular functions. We found that VPARP was associated with telomerase activity and interacted with exogenously expressed telomerase-associated protein 1 (TEP1) in human cells. To study the possible role of VPARP in telomerase and vault complexes in vivo, mVparp-deficient mice were generated. Mice deficient in mVparp were viable and fertile for up to five generations, with no apparent changes in telomerase activity or telomere length. Vaults purified from mVparpdeficient mouse liver appeared intact, and no defect in association with other vault components was observed. Mice deficient in mTep1, whose disruption alone does not affect telomere function but does affect the stability of vault RNA, showed no additional telomerase or telomere-related phenotypes when the mTep1 deficiency was combined with an mVparp deficiency. These data suggest that murine mTep1 and mVparp, alone or in combination, are dispensable for normal development, telomerase catalysis, telomere length maintenance, and vault structure in vivo.
Telomerase is a ribonucleoprotein (RNP) complex that replenishes telomere loss due to incomplete DNA replication in almost all eukaryotes. A loss of telomerase activity leads to an attrition of telomeric DNA which, in turn, is known to trigger end-to-end chromosome fusions, genomic instability, and cell arrest or death (31) . Telomerase expression is thus critical to the prolonged viability of several human cell types and in the majority of human cancers (3) . Elucidating the molecular machinery that regulates telomerase activity and its ability to maintain telomere length is critical to an understanding of malignant transformation.
Telomerase contains two core components, telomerase reverse transcriptase (TERT) and telomerase RNA, the latter serving as an integral template for the de novo synthesis of telomeric DNA. Both TERT and telomerase RNA are required for the reconstitution of telomerase activity in vitro (2, 75) . In mice, the disruption of either component also abolishes telomerase activity, leading to telomere attrition, genetic instability, and eventual infertility (4, 15, 26, 44, 48, 61, 76) .
Several other telomerase-associated proteins have been identified in mammals (22) ; these include telomerase-associated protein 1 (TEP1), which binds telomerase RNA (23, 55) and which was cloned based on its homology to ciliate Tetrahymena thermophila protein p80 (8, 20, 23, 55) . T. thermophila p80 was identified as a species copurifying with telomerase, although it subsequently was found unlikely to be a core telomerase component (8, 20, 49) . Although deletion of the T. thermophila p80 gene resulted in slight telomere lengthening (51) , no change in telomere length was observed upon breeding of mTep1-deficient mice for up to seven generations. Telomerase activity was not affected in the absence of either the p80 gene or mTep1 (47, 51) . Disruption of mTep1 did not affect the levels of telomerase RNA or its association with the telomerase RNP (34) , and TEP1 appeared to associate with only a fraction of the total telomerase activity in immortalized cell extracts (Y. Liu and L. Harrington, unpublished data). Although these results suggest that TEP1 is nonessential for telomerase function in normal mouse tissues, the possibility of genetic redundancy with other telomerase-associated proteins cannot be excluded. Indeed, other telomerase-associated proteins have been identified and have been shown to interact with telomerase RNA in mammals; these include La, L22, Staufen, DKC, and several heterogeneous nuclear RNPs (11, 16-19, 29, 42, 43, 52) .
TEP1 is an integral component of another RNP, the vault particle. Mammalian vaults, the largest known mammalian RNPs (13 MDa) , are composed of at least four components, major vault protein (MVP), vault poly(ADP-ribose) polymerase (VPARP), TEP1, and one or more small vault RNAs (vRNAs) (71, 73) . Vaults possess a distinct morphology that is highly conserved. Purified vaults display a unique eightfold barrel-like symmetry structure with caps on each end (32, 38) . Although the function of the vault particle has remained elusive, its highly conserved structure, its ubiquitous distribution, and its up-regulation in several human drug-resistant cancers have led to the speculation that vaults have an important cellular function and may be carriers involved in intracellular transport (54, 71, 73) . The absence of TEP1 completely disrupts the stable association of vRNA with the purified vault particle and results in decreases in the levels and stability of vRNA (34) . Therefore, TEP1 is an integral vault protein and is important for the stabilization and recruitment of vRNA to the vault particle (34) .
VPARP, the catalytic vault protein component, contains regions with similarity to BRCT, a poly(ADP-ribose) polymerase (PARP) catalytic domain, inter-␣-trypsin and putative von Willebrand type A domains, and a C-terminal MVP-interacting domain (35, 71, 73) . The putative VPARP catalytic domain shares 28% identity with the catalytic domain of PARP 1 (PARP1). Like that in PARP1, this domain is capable of catalyzing a poly(ADP-ribosyl)ation reaction, and the substrates for this vault-associated PARP activity are MVP and VPARP itself (35) . Thus, VPARP is a unique member of the PARP family. In addition to its association with vaults, VPARP has also been found at other cellular locations, such as the nucleus and mitotic spindle (35) , indicating that it may possess multiple roles in vivo. Here, we report that VPARP interacts with TEP1 and associates with telomerase activity in cell extracts, suggesting that VPARP and TEP1 may play roles in both cytoplasmic and nuclear RNP complexes. We generated mice deficient in mVparp or both mTep1 and mVparp and investigated telomerase function and vault structure in their absence.
MATERIALS AND METHODS
Construction of an mVparp targeting vector. The mVparp targeting construct was designed to delete two exons (exons 3 and 4) of mVparp, including a 2-kbp region corresponding to the N terminus of the predicted PARP catalytic domain (amino acids [aa] 119 to 240). In brief, PCR primers 5Ј-GGT ACC TTA GGA ATC TTT GCA AAT TGT ATA TTC TGC-3Ј (KpnI sense) and 5Ј-CTC GAG GCA GAT ATT CTG ATT GCA CTT CTG G-3Ј (XhoI antisense) were used to amplify an ϳ3.6-kbp long-arm fragment of mVparp from 200 ng of strain 129J genomic DNA by using an Expand long-template PCR system (Roche GmbH, Mannheim, Germany). An ϳ874-bp short-arm fragment was isolated by using PCR primers 5Ј-ACT AGT TAG CTT AGA ACT CAT TAT GTA GAC CAG GTT AGC C-3Ј (sense) and 5Ј-GCG GCC GCA GTA CTT CCT TCT TTG AGA CAG GGC TCC-3Ј (antisense). The resulting PCR products were gel purified by using a QiaQuick gel purification system (Qiagen Inc., Chatsworth, Calif.), TA cloned into pCR2.1 (Invitrogen, San Diego, Calif.), and subcloned into pBluescript II KS (Stratagene, La Jolla, Calif.) containing a phosphoglycerate kinase-neomycin cassette. The insert sequence was obtained by using fluorescent dideoxynucleotide sequencing and automated detection (ABI/PerkinElmer, Forest City, Calif.).
Targeted disruption of the mVparp gene in mouse ES cells. The targeting vector (25 g) was linearized with restriction endonuclease NotI at the short arm and electroporated into E14 embryonic stem (ES) cells (derived from strain R129J) by using a Bio-Rad gene pulser at 0.34 kV and 0.25 mF. After G418 selection (250 g/ml), homologous recombinants were identified by PCR and confirmed by Southern blot analysis following published protocols (21) . Primer VParp Wt-1, which is specific for the deleted portion of mVparp, was used to detect the wild-type allele. Primer PGK-1, which is specific for the phosphoglycerate kinase promoter of the targeting construct, was used to detect the mutant allele. Primer VParp Wt-2 was used to detect both the wild-type and the mutant alleles of mVparp. The sequences of the above primers were as follows: VParp Wt-1, 5Ј-GGC CGA AGC AAC ACA GTT AGC GTC TGA G-3Ј; PGK-1, 5Ј-GCT GTC CAT CTG CAC GAG ACT AGT GAG ACG-3Ј; and VParp Wt-2, 5Ј-CTT TTG GCC CCT GTC AGT ACA CGT AAT GCA C-3Ј.
Homologous recombination of the targeting vector with the endogenous locus resulted in the insertion of a novel NcoI site into the mVparp locus, thus allowing the targeted and wild-type alleles to be distinguished by Southern analysis with a 524-bp 3Ј-flanking genomic probe (3Ј probe). The ϳ4.9-kbp NcoI fragment corresponding to the wild-type allele was decreased to ϳ2.3 kbp upon disruption of the mVparp locus by integration of the neomycin phosphotransferase gene. The 3Ј-flanking probe (see Fig. 2A ) was generated by ScaI and XhoI digestion of a genomic clone immediately 3Ј of the short arm. Genomic DNA was digested with NcoI, resolved on an agarose gel, transferred to a Hybond Nϩ membrane, and hybridized to a probe spanning a region 3Ј to the mVparp targeting construct (3Ј probe).
Generation of mVparp-deficient mice, ES cells, and mouse embryonic fibroblasts (MEFs). Chimeric mice were produced by microinjection of independent mVparp heterozygous (mVparp ϩ/Ϫ ) ES cell clones into embryonic day 3.5 C57BL/6J blastocysts and transfer to ICR pseudopregnant foster mothers. Chimeric males were mated with C57BL/6J females (Jackson Laboratory). Germ line transmission of the mutant allele (mVparp ϩ/Ϫ founder mice) was confirmed by PCR and Southern blot analysis of tail DNA from mice with an agouti coat color. The mating strategy for the mVparp-deficient (mVparp Ϫ/Ϫ ) mice was the same as that used for the generation of telomerase RNA-deficient mice (4 
Ϫ/Ϫ mouse ES cell clones were generated from G418-resistant mVparp ϩ/Ϫ ES cell clones by incubation at an increased G418 concentration (4 mg/ml). MEFs were established from day 13.5 mouse embryos obtained from an mVparp ϩ/Ϫ female mouse. ES cell and MEF culturing was carried out as previously described (21, 25) .
Cloning of hVPARP and hTEP1. Full-length human VPARP (hVPARP) cDNA was cloned as described previously (35) and subcloned into the pCR3 expression vector (Invitrogen). The FLAG epitope tag (DYKDDDDK) was introduced at the 5Ј region of the gene by PCR and verified by sequencing as described previously (24) . The full-length human TEP1 (hTEP1) gene was cloned into the pCR3.1 vector and contained two copies of an NH 2 -terminal MYC epitope tag as described previously (23) .
Cell lines and transfections. FLAG-tagged full-length hVPARP and/or fulllength hTEP1 containing a MYC epitope (23) were transfected alone or cotranfected into human 293T cells with Lipofectamine Plus reagents (Life Technologies, Gaithersburg, Md.) following the manufacturer's instructions.
Immunoprecipitation. A total of 500 g of cell or tissue extract was subjected to immunoprecipitation with 10 l of M2 affinity resin (Sigma, St. Louis, Mo.) or protein G beads conjugated with anti-MYC monoclonal antibody (Pharmingen,
Beads were washed in the same buffer four times before they were examined by the telomere repeat amplification protocol (TRAP) or Western blot analysis (see below).
Western blot analysis. For Western blot analysis, 40 g of tissue or cell extract or beads from immunoprecipitation were examined for the presence of VPARP with an anti-FLAG polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, Calif.) or an anti-murine VPARP (mVPARP) rabbit polyclonal antibody (see below) or for the presence of TEP1 with an anti-MYC monoclonal antibody.
Antibody production. The mVPARP peptide CDQNTEEFSRVRKEVLQNN RSEQ (aa 379 to 400) was used to generate a rabbit polyclonal antibody against mVPARP. The antibody was affinity purified against Affigel resin coupled to the same peptide following the manufacturer's directions (Bio-Rad). The specificity of this polyclonal antibody was confirmed by Western blot analysis with cell extracts from human 293T cells overexpressing recombinant mVPARP. This antibody was not able to efficiently precipitate either mVPARP or hVPARP (data not shown).
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Cell lysate preparation and telomerase assays. S-100 extracts from cultured cells and freshly dissected mouse tissues were prepared as described previously (58) . Cells lysed in a buffer containing 0.5% (wt/vol) CHAPS were prepared as described previously (37) . Cell extract or a portion of M2 beads after immunoprecipitation was assayed for the presence of telomerase activity by using the TRAP assay following the manufacturer's instructions (Intergen, Inc.) (37) . Titration of a cell extract was used to demonstrate that the TRAP products were in the nearly linear range.
Telomere length measurements by FISH. The average telomere fluorescence in populations of isolated splenocytes and thymocytes was measured by flow fluorescence in situ hybridization (FISH) (62) with minor modifications. A telomere-specific fluorescein isothiocyanate-conjugated (CCCTAA) 3 peptide nucleic acid probe (0.3 g/ml) (Perseptive Biosystems) was used. Telomere fluorescence was expressed as molecules of equivalent soluble fluorochrome.
Metaphase spread, FISH, and image analyses of activated splenocytes and MEFs were performed as described previously (4, 77) . Cy-3-labeled (CCCTAA) 3 peptide nucleic acid (Applied Biosystems) was used as a probe.
G overhang analysis by pulsed-field gel electrophoresis. Telomere restriction fragment analysis of mouse genomic DNA was carried out as described previously (25) . Approximately 10 6 ES cells or an aliquot corresponding to approximately 1 g of mouse liver was harvested and embedded in agarose plugs. The DNA was digested with 100 U of mung bean nuclease for 30 min, where indicated, and further treated with MboI (New England BioLabs) overnight. The DNA fragments were electrophoresed through 1% (wt/vol) pulsed-field-grade agarose (Bio-Rad) in Tris-acetate-EDTA. Electrophoresis was carried out with a CHEF DR-III pulsed-field apparatus (Bio-Rad) at 14°C, 3 V/cm, and a switch time of 10 s for 48 h. In-gel hybridization was carried out under native and denaturing conditions as described previously (25) .
Vault particle purification and analysis. Vaults were purified from mouse liver as described previously (34, 39) . Approximately 10 g of mouse liver was used, and all gradient steps were carried out with a Sorvall AH650 rotor at 25,000 rpm. In the final purification step, vaults were purified over a single cesium chloride gradient to minimize sample loss, and the purified vaults were pelleted at 100,000 ϫ g with a Beckman Coulter Ti80 rotor and resuspended in approximately 125 l of 0.09 M morpholineethanesulfonic acid (pH 6.5) containing 1 mM dithiothreitol and 0.5 mM phenylmethylsulfonyl fluoride. Purified vaults were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis followed by silver staining or immunoblot analysis. All antibodies (anti-MVP, anti-VPARP, and anti-TEP1) were described previously and were used accordingly (24, 35, 36) . RNA was isolated by phenol-chloroform extraction followed by ethanol precipitation and was analyzed as previously described (34) . Electron microscopy (EM) of uranyl acetate-stained vaults was carried out as described previously (33) .
RESULTS
VPARP interacts with TEP1 and associates with telomerase activity in vivo. TEP1 has been shown to associate with telomerase activity in human, mouse, and rat immortalized cell lysates (23, 55) . TEP1 also has been identified as a component of the vault cap, adjacent to vRNA (34, 38) . As TEP1 and VPARP have similar subcellular fractionation patterns, we decided to determine whether TEP1 and VPARP associate and/or whether VPARP, like TEP1, associates with telomerase activity in cell extracts.
Human 293T cells were transfected with FLAG-tagged fulllength hVPARP or MYC-tagged full-length hTEP1 or both. Cell extracts were subjected to immunoprecipitation with an anti-FLAG antibody followed by Western blot analysis. Coimmunoprecipitation of hTEP1 with hVPARP was observed in cells cotransfected with both hVPARP and hTEP1 (Fig. 1A , lane 4) but not in cells transfected with full-length hTEP1 or full-length hVPARP alone (Fig. 1A, lanes 2 and 3) . As 293T cells do not express MVP (V. A. Kickhoefer et al., unpublished data), these results suggest that the non-vault-associated soluble forms of VPARP and TEP1 interact. Attempts to demonstrate a direct interaction of endogenous VPARP and TEP1 in 293T cells were unsuccessful (data not shown). Several explanations for these results are possible, including low levels of endogenous TEP1 in 293T cells (Liu and Harrington, unpublished) , the inaccessibility of the antigens in the complex, or the potential disruption of the complex upon antibody interaction.
Since TEP1 associates with telomerase activity in human immortalized cells, we next examined whether hVPARP associates with telomerase activity in human 293T cells. Full-length FLAG-tagged hVPARP, C-terminally truncated hVPARP (aa 1 to 611), containing BRCT and PARP but lacking the von Willebrand type A domain and the MVP-interacting domain, or empty vector alone was transiently expressed in 293T cells followed by affinity purification on M2 beads. A portion of the M2 beads was further tested for the presence of telomerase activity by the TRAP assay (37) . Immunoprecipitates containing either full-length hVPARP or truncated hVPARP but not mock-transfected controls possessed telomerase activity (Fig.  1B, lanes 1 and 2) . This result indicates that overexpressed hVPARP associates with a fraction of telomerase activity in cell extracts. In addition, since it was previously established that the C-terminal domain of VPARP is responsible for its interaction with MVP (35), the ability of C-terminally truncated VPARP to associate with telomerase activity suggests that this interaction is independent of a VPARP association with vaults. Since we were unable to detect an association of endogenous VPARP with endogenous TERT (due to limitations of the VPARP antibody and the low levels of endogenous TERT), the robustness of the interaction at physiologically on April 28, 2017 by guest http://mcb.asm.org/ relevant levels or the stoichiometry of the association between endogenous components could not be tested. Targeted disruption of mVparp or both mVparp and Tep1 in mice. To study the possible role of VPARP as a telomeraseassociated protein in telomerase function in mammalian cells, we generated murine ES cells containing a disruption of exons 3 and 4 of the mVparp gene ( Fig. 2A) (Fig. 2B ). Northern analysis of total RNA from mVparp Ϫ/Ϫ mouse ES cells or tissues showed no detectable transcripts upon hybridization to a full-length mVparp cDNA probe (Fig. 2C and data not  shown) . Analysis of cell extracts prepared from mVparp Ϫ/Ϫ MEFs revealed no detectable mVPARP (Fig. 2D) .
The null mice were designated generation 1 (G 1 ), and the progeny of G 1 cousins were defined as G 2 , and so forth, as described previously (4) (see Materials and Methods). Regardless of the generation (G 1 to G 5 ), the mVparp Ϫ/Ϫ mice appeared to be normal and fertile and exhibited no obvious phenotype. 
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VPARP is dispensable for telomerase activity, telomere length maintenance, telomere structure, or stability of telomerase and vault components in vivo. To determine the role of mVparp in telomerase catalysis, we examined mVparp Ϫ/Ϫ mouse ES cells, MEFs derived from G 1 mVparp Ϫ/Ϫ embryos, and several tissues from mVparp Ϫ/Ϫ mice (up to G 5 ) for telomerase activity by using the TRAP assay. Telomerase activity was not significantly altered in mVparp Ϫ/Ϫ mouse cells or tissues ( Fig. 3 and data not shown) .
In budding yeast cells, the products of EST1 and EST3 are telomerase associated. Although they are dispensable for telomerase catalysis (7, 46) , mutation or disruption of these genes results in progressive telomere loss comparable to that seen with the disruption of EST2 (also known as TERT) (45, 46) . To determine whether the loss of mVparp is essential for telomere length maintenance, we analyzed telomere signal intensity in total cell populations of splenocytes and thymocytes derived from mVparp Ϫ/Ϫ mice by flow FISH. Thymocytes and splenocytes derived from different generations of mVparp Ϫ/Ϫ mice (G 1 to G 5 ) showed telomere signal intensities similar to those of G 1 mVparp ϩ/Ϫ mice or wild-type control mice (Fig.  4A, upper panel) . The overall distribution of telomere fluorescence in mVparp Ϫ/Ϫ mice was also similar to that observed in G 1 mVparp heterozygous mice or wild-type mice (data not shown). Using the same technique, we were able to detect telomere loss in mTert Ϫ/Ϫ mice as early as G 2 (48) . However, five generations of mVparp Ϫ/Ϫ mice failed to exhibit any detectable changes in overall telomere signal intensities (Fig. 4A , upper panel, and data not shown).
Telomere integrity depends on both telomere length and telomere structure. The telomere terminus possesses a G overhang of approximately 100 to 150 bases (74) . In the event that mVPARP might affect G overhangs without affecting overall telomere length, we studied the status of G-rich overhangs in (Fig. 5B , lanes 2 and 6 for mVparp Ϫ/Ϫ liver and ES cells or lanes 4 and 8 for wild-type liver and ES cells). As a control, the G overhang signal disappeared when the samples were treated with mung bean nuclease, which degrades singlestranded DNA 3Ј overhangs (Fig. 5B, lanes 3, 5, 7, and 9 ). As expected, there was no hybridization signal when the same gel was hybridized to the G telomere probe (TTAGGG) 4 (Fig.  5A) . Together, these results indicate that mVparp Ϫ/Ϫ mouse ES cells or tissues possess a normal G overhang. A normal G overhang was also found in telomerase RNA-deficient mouse cells (25) or in G 1 mTert Ϫ/Ϫ mice (76) . Previously it was demonstrated that TEP1 interacts with telomerase RNA and vRNA in a yeast three-hybrid assay (23, 36) . Although the levels of telomerase RNA and its association with telomerase RNP were not affected in mTep1 Ϫ/Ϫ mice, the absence of TEP1 resulted in decreases in the levels and stability of vRNA and its association with vaults in vivo (34) . Deletion of mVparp did not appear to affect the steady-state levels of telomerase RNA, vRNA, or TEP1 in normal mouse cells (data not shown).
We examined cell viability, chromosome abnormalities, and the kinetics of DNA damage repair in isolated splenocytes from mVparp Ϫ/Ϫ mice exposed to ionizing radiation and found no reproducible difference compared with the results for wildtype mice. We also examined the induction of p53 and p21 in irradiated mVparp Ϫ/Ϫ MEFs and found no significant difference compared with the results for wild-type fibroblasts (data not shown).
Disruption of both mVparp and mTep1 in mice. In the event that VPARP and TEP1 exhibit genetic redundancy in vivo, we examined mice deficient in both mVparp and mTep1. G 1 double-mutant mice were viable and showed no detectable alteration in telomerase activity levels (data not shown) or telomere signal intensities in flow FISH or quantitative FISH analyses (Fig. 4A, lower panel, and Fig. 4B and C) . To examine chromosome stability in mVparp Ϫ/Ϫ or mVparp Ϫ/Ϫ mTep1 Ϫ/Ϫ mice, we performed FISH analysis of metaphase spreads of MEFs or mitogen-stimulated splenocytes from wild type, mVparp Ϫ/Ϫ , or mVparp Ϫ/Ϫ mTep1 Ϫ/Ϫ mice. The incidences of chromosome abnormalities, including aneuploidy and chromosome breakage, were similar, regardless of genotype (Table 1, Fig. 4C , and data not shown).
Vaults isolated from mVparp ؊/؊ mice appear to be intact. To examine the role of VPARP in vault particle formation in FIG. 5 . Telomeric G overhang analysis of mVparp Ϫ/Ϫ mouse ES cells and tissues. (A) Genomic DNA from wild-type and mVparp Ϫ/Ϫ ES cells and mouse liver was resolved by pulsed-field gel electrophoresis and subjected to in-gel hybridization to a radioactively labeled (TTAGGG) 4 probe under native conditions. In lane 1, a denatured genomic DNA sample from wild-type mouse liver (which was excised from the same gel and subsequently denatured) was used as a positive control for hybridization. Since the telomeric G overhang consists of TTAGGG repeats, no hybridization should be evident in lanes 2 to 9. MBN, samples that were pretreated with mung bean nuclease prior to electrophoresis. (B) The same samples as those in panel A were hybridized to a radioactively labeled (CCCTAA) 4 probe. (C) The same gel as that in panel B was denatured and reprobed with a radioactively labeled (CCCTAA) 4 probe. The integrity of the high-molecular-weight DNA was confirmed by ethidium bromide staining of the agarose gel prior to hybridization (data not shown). DNA markers (kilobase pairs) are indicated at the right. (Fig. 6A) . The presence of some smaller, misshapen vaults in mVparp Ϫ/Ϫ mice were comparable to representative vaults prepared from wild-type samples, and we did not detect a significant increase in misshapen vaults. Negative EM staining of vaults purified from mVparp Ϫ/Ϫ mTep1 Ϫ/Ϫ mice is currently under way. Vault components purified from mVparp Ϫ/Ϫ mice through a series of gradient and centrifugation steps had properties similar to those of wild-type vaults (data not shown). Purified vault fractions from wild-type, mVparp ϩ/Ϫ , and mVparp Ϫ/Ϫ mouse livers were analyzed by gel electrophoresis and silver staining and showed comparable levels of MVP and TEP1 (Fig. 6B) . The absence of VPARP in the vault preparations was confirmed by immunoblot analysis of the purified vaults with antibodies against each vault protein component (anti-MVP, anti-TEP1, and anti-VPARP) (Fig.  6C) . Finally, we examined the purified vault fractions for the presence of vRNA and found that vRNA levels were unchanged in purified vault preparations from mVparp Ϫ/Ϫ animals (data not shown). These data suggest that mVPARP is not essential for the stable interaction of the other vault components with vault particles and is not required for vault particle formation. In comparison, mTep1 Ϫ/Ϫ animals showed a complete lack of vRNA in vault particles and a reduction in electron density at the vault cap in cryo-EM reconstructions (34) . The exact localization of mVPARP within vaults has not yet been determined. Preliminary cryo-EM analysis of isolated mVparp Ϫ/Ϫ vault particles has revealed the presence of intact vault particles (P. L. Stewart and M. Makabi, personal communication); however, reconstruction and modeling have not yet been completed.
DISCUSSION
In mammalian cells, TEP1 and VPARP associate with two common RNP complexes in vivo, telomerase and vaults. Previously, it was established that TEP1 and VPARP localize to both nuclear and cytoplasmic fractions and that the vault particle itself appears to be predominantly cytoplasmic (35, 36) . Therefore, it is possible that nuclear TEP1 and VPARP associate with distinct complexes in the nucleus, including telomerase. The physiological significance of this interaction is at present uncertain due to an inability to detect an association between endogenous TEP1 and VPARP and the lack of an obvious phenotype in mice deficient in mVparp and/or mTep1. Since TEP1 or VPARP appears to associate with a fraction of telomerase activity in vivo, it is possible that disruption of this association has no observable consequence. Alternatively, TEP1 and VPARP functions may be redundant with those of other telomerase-associated proteins, such as L22, Staufen, Hsp70, Hsp90, p23, DKC, hEst1A/B/C, heterogeneous nuclear RNPs, or La (11, 16-19, 27, 29, 42, 43, 52, 59, 69) . Finally, the association of telomerase with TEP1 or VPARP may become important only under certain cellular stresses, a possibility currently under investigation.
Mammalian TEP1 possesses a putative RNA binding motif that is sufficient for an association with telomerase RNA and vRNA in an indirect yeast three-hybrid assay (23, 36) . In support of a direct role in vRNA binding in vivo, the loss of TEP1 disrupts the stable association of vRNA with vaults and the stability of vRNA (34) . VPARP, on the other hand, does not possess an obvious RNA binding motif and has no direct effect on the stability or levels of vRNA and telomerase RNA expression when disrupted. We also demonstrate that the absence of mVparp does not affect the steady-state levels of TEP1, telomerase RNA, or vRNA or the association of vRNA with the vault particle (data not shown). Several members of mammalian PARP families are also involved in telomere protection or length regulation and thus may also share a redundant role with TEP1 or VPARP in regulating telomerase function in vivo (6, 9, 10, 67, 68) . The unique feature of this family is that all proteins share a common PARP domain, which catalyzes modification of a variety of acceptor proteins (14, 65) . For example, tankyrases 1 and 2 can directly bind telomere binding protein 1 (TRF1) and are capable of poly(ADP-ribosyl)ation of TRF1 (60, 68) . TRF1 negatively regulates telomerase-mediated telomere length and acts in cis at chromosome ends to repress telomere elongation (1, 72) . Such posttranscriptional modification of TRF1 affects its binding to telomeric DNA both in vitro and in vivo (68) . Furthermore, human tumor cells expressing mutant tankyrase 1 exhibit abnormal telomere lengthening that requires the catalytic activity of tankyrase (9, 67) . These findings suggest that the tankyrase-mediated removal of TRF1 from telomeres by ADP ribosylation could allow access of telomerase to chromosome termini (1, 67, 68, 72) .
Another PARP family member, PARP1, is well characterized for its role in base excision repair (28) . PARP1 binds to and is activated by DNA breaks and catalyzes the ribosylation of several substrates related to DNA damage and repair (65, 66) . PARP1 has also been implicated in other cellular events, including the modulation of chromatin structure, DNA synthesis, gene transcription, centrosome function, cell cycle regulation, cell death, and cell survival (12, 30, 40, 41, 56) . d'Adda di Fagagna et al. reported that Parp1-deficient mice exhibited telomere shortening and increased end-to-end chromosome fusions (10) . In contrast, Samper et al. observed normal telomere length and G-rich overhangs and low frequencies of chromosome end-to-end fusions in Parp1-deficient mice (63) . Recent evidence indicates that another PARP family member, PARP2, is also involved in base excision repair and interacts with PARP1 and TRF2 in vivo (13, 50, 64) . Thus, PARP1, perhaps together with PARP2, may serve an important function at telomeres. Further experiments are required to test whether telomere integrity is further perturbed in mice deficient in both mVparp and Parp1 or Parp2.
TERT possesses poly(ADP-ribose) binding sequences (57) and thus could be a candidate poly(ADP-ribose) acceptor. Although an interaction between PARP1 and TERT was reported in a human breast cancer cell line (5), a yeast twohybrid based assay was unable to detect such an interaction (63). Since we observed an association of VPARP with telomerase activity in vivo, we tested whether the weak poly(ADPribosyl)transferase activity of VPARP might modify TERT; however, the results were inconclusive (data not shown). Furthermore, a direct association between VPARP and TERT could not be demonstrated (W. Zhou and M. Robinson, unpublished data). We cannot exclude the possibility that a transient interaction occurs between these two proteins; like other PARP family members, VPARP may associate with potential protein acceptors only when activated in vivo.
MVP constitutes about 75% of the vault particle mass and was recently shown to be sufficient for vault particle formation in an insect expression system (70) . Deletion of mMvp leads to a complete loss in detectable vault particles, and yet mice with this deletion appear viable (53) . In contrast, VPARP and TEP1 comprise ϳ20% of the vault particle mass, and vaults purified from mTep1 Ϫ/Ϫ mice appear to be intact, albeit with less electron density at the vault cap (34) . Taken together, these results indicate that neither TEP1 nor VPARP is essential for the formation or maintenance of vault structure in vivo.
However, TEP1 and VPARP may act as catalytic components of vaults rather than essential structural proteins. We note that TEP1 possesses a putative nucleoside triphosphate binding domain, although nucleotide binding by TEP1 has not yet been demonstrated (23, 55) . Knowledge of the precise function of the vault particle in mammalian cells has remained elusive, despite compelling connections to multidrug resistance, intracellular compartmentalization, subcellular transport of biomolecules, or a cytosol or nucleoplasm detoxifier (54, 71, 73) . Mice deficient in mVparp, mTep1, and mMvp may yet provide important clues to the role of the vault particle in these processes.
